T ype 1 diabetes affects about 1 in every 400 to 600 children and adolescents and is the predominant form of diabetes in young people. Studies have estimated a yearly 3% increase of type 1 diabetes globally (1) . Approximately one in three European Americans with type 1 diabetes develops severe nephropathy that leads to end-stage renal diseases (ESRD) (2) .
There is strong evidence showing genetic susceptibility in developing diabetic nephropathy (3) (4) (5) ; however, identifying the responsible genetic variants has been limited by modest data collections. The Genetics of Kidneys in Diabetes (GoKinD) study, an initiative supported by the Juvenile Diabetes Research Foundation, the National Institute of Diabetes and Digestive and Kidney Diseases, and the Centers for Disease Control and Prevention (CDC), was created to address this research gap (6) . The GoKinD study includes 1,879 individuals with long-term type 1 diabetes, approximately half with nephropathy (defined as persistent proteinuria or ESRD) and half without, and extensive phenotypic data.
The polymorphic HLA genes-DRB1, DQA1, and DQB1-located on chromosome 6 and the insulin gene on chromosome 11 are the major genetic risk factors associated with type 1 diabetes (7, 8) . Very early small studies looked at HLA in people with diabetic nephropathy, but no reliable associations were seen (9, 10) . A later larger study also found no significant distribution difference of HLA haplotypes or alleles in people with diabetes and nephropathy versus people with type 1 diabetes but without nephropathy. Additionally, this study examined the role of the Ϫ23 INS single nucleotide polymorphism in people with diabetic nephropathy and found no association (10) .
RESEARCH DESIGN AND METHODS
The GoKinD DNA samples genotyped were from 1,879 individuals from the U.S. and Canada with long-term (Ͼ10 years) diabetes. The analyses for this study were restricted to probands of European ancestry who had no known relationship to another proband. The resulting subset including both singleton and trio probands totaled 829 case probands with persistent proteinuria or ESRD and 904 control probands with normoalbuminuria. The parents of trio probands were not included in this analysis because the genes of interest are risk factors for type 1 diabetes, and transmission was distorted in both case and control patients. Mueller et al. (6) presented a detailed description of the study's eligibility criteria, ascertainment of participants, and associated clinical data. Participants were recruited at two centers, the Joslin Diabetes Center (JDC) and the George Washington University Biostatics Center (GWU). JDC recruited participants who were already enrolled in previous studies at the Joslin Clinic. GWU worked with Matthews Media Group to identify volunteers who were directed to 1 of 27 clinical centers.
DNA was extracted from whole blood and/or transformed lymphoblasts. Self-reported sex was confirmed using the AmpFlSTR Green I PCR Amplifi-cation Kit (Applied Biosystems, Foster City, CA) with modifications. Detailed extraction and quality control methods can be found in the supplementary material of Mueller et al. (6) . Genotyping methods. HLA genotyping methods for DRB1, DQA1, and DQB1 were based on PCR amplification from genomic DNA. The exon(s) evaluated were amplified then followed by florescent-based sequencing. The sequence data were analyzed using MatchTools analysis or Conexio Genomics's Assign software (Applied Biosystems, Western Australia). DRB1 exon 2 genotyping was performed using an AlleleSEQR DRB1 kit (Atria Genetics; San Francisco, CA) according to the manufacturer's directions. The DQA1 method, developed at CDC (11, 12) , evaluated exons 2 and 3 for all participants and only exon 1 in participants with any of the following alleles: *010101, *010102, *010401, *0105, *0302, or *0303. The DQB1 method, also developed at CDC, evaluated polymorphisms in exons 2 and 3. Additional sequence-specific reactions were included to resolve ambiguous combinations, specifically *030101/*0302 versus *0304/*030302, *0202/*030302 versus *0203/*0302, or *0202/*030101 versus *0203/*0304 (Appendix A [available in the online appendix at http://dx.doi.org/ 10.2337]). The Ϫ23 INS single nucleotide polymorphism rs689 was genotyped using 5-l 5Ј nuclease assay reactions on a 7900HT Real-Time PCR System (Applied Biosystems) according to the manufacturer's instructions. Products were amplified (forward primer, 5Ј-ctgggctcgtgaagcatgt-3Ј/reverse primer 5Ј-gcaggaggcgcatcca-3Ј) and detected with custom-designed probes (5Ј-VIC-CTGCCTGTCACCCAG-MGBNFQ-3Ј and 5Ј-6FAM-CTGCCTGTCTCCCA-MGBNFQ-3Ј, MGBNFQ-minor groove binder/nonfluorescent quencher; Applied Biosystems). Statistical methods. High-resolution molecular HLA data were grouped into risk categories: DQA1's two known high-resolution risk alleles, *050101 and *030101, and DQB1's risk alleles, *020101 and *030201. All other alleles for each gene were grouped and designated as "X." DRB1*03 and *04 molecular subgroups were combined, and all other DRB1 alleles were designated as "X." (High-resolution classification and nomenclature is assigned by the World Health Organization Nomenclature Committee and available at http://www. anthonynolan.com/HIG/index.html.) Nonparametric Wilcoxon's and 2 tests assessed differences between case and control patients in baseline characteristics and allele and genotype frequencies. Analyses were corrected for covariates that were different between case and control patients including diabetes duration, age at type 1 diabetes diagnosis, sex, recruitment site, and smoking status (Table 1) . Stratified analysis of the association according to diabetes duration was performed as suggested by Rogus et al. (13) . Linear trend analysis was performed using Chacko's test for homogeneity against ordered alternatives (14) . The enrollment sites for the analyses were defined as site 1 (JDC) and site 2 (GWU-affiliated clinics).
RESULTS
Type 1 diabetes susceptibility gene distribution. Proband characteristics are summarized by nephropathy status in Table 1 . Case probands were slightly younger than control probands when diagnosed with diabetes. Control probands were older at the time of enrollment and thus had longer diabetes duration. Allele frequencies for the four genes examined are summarized in Table 1 . Genotype data from HLA-DRB1, -DQA1, and -DQB1 were grouped into categories known to be associated with risk for type 1 diabetes: *03 and *04 at DRB1, *050101 and *030101 at DQA1, and *020101 and *030201 at DQB1. All other alleles for each gene were grouped and designated as "X." Allele distributions of DQA1, DQB1, and insulin did not differ between cases and controls; however, the DRB1 04 allele was significantly more frequent in controls (P ϭ 0.0054). The remaining analyses further examined the association of DRB1 with diabetic nephropathy. HLA-DRB1 genotype distribution. The distribution of the six genotypes, defined by DRB1 alleles *03, *04, and *X, differed significantly (P ϭ 0.0063) between case and control probands ( Table 2 ). The frequency of *04/*04 homozygotes in control probands was almost twice that of case probands and made the largest contribution to the 2 for the table. The P value decreased to 0.0012 after adjustment for diabetes duration, age at diabetes diagnosis, sex, recruitment site, and smoking status, and the adjusted relative odds illustrate the pattern of association. Since case probands included two phenotypes, ESRD and persistent proteinuria, the analysis was repeated in each phenotype separately. The allele and genotype distributions were quite similar for case probands with proteinuria and case probands with ESRD, and the results for each clinical phenotype remained significant (Table 3) . Additionally, there was no difference in ESRD DRB1 genotype Data are means Ϯ SD and n (%). †All DQA1 alleles except DQA1*050101 and *030101. ‡All DQB1 alleles except DQB1*020101 and *030201. §All DRB1 alleles except DRB1*03 and *04. §Bonferroni-corrected criteria for multiple gene testing, P Ͻ 0.0125. distribution compared with control probands when the data were stratified on median ESRD duration (data not shown). These findings are consistent with a protective effect of DRB1*04 alleles. Early, small studies have reported an association of DR4 antigens and diabetic retinopathy (9), but this association was not seen in later studies (15, 16) . To determine whether there was a nonrandom distribution of the type 1 diabetes risk alleles by self-reported retinopathy status, the distribution of alleles in the GoKinD case probands with and without retinopathy as well as control probands with and without retinopathy was examined. The distribution of DRB1 alleles was not associated with self-reported retinopathy status in either the case probands (P ϭ 0.2564) or the control probands (P ϭ 0.2096) ( Table 4) .
Diabetic nephropathy is believed to result from an interaction between cumulative exposure to hyperglycemia and genetic susceptibility factors. Simulation studies have shown that these genetic susceptibility factors show up most strongly in early appearing cases, while they are depleted in long-duration unaffected control patients, which have the greatest cumulative exposure (13) . Thus, the association between DRB1*04 genotypes and diabetic nephropathy was examined using duration of diabetes as a surrogate measure of cumulative exposure. Duration was divided at its median (28 years) into "short duration" and "long duration." Furthermore, DRB1*03 alleles were grouped with *X and designated as "Y," representing all alleles except *04. In short-duration probands, the pattern of association between DRB1*04 and diabetic nephropathy was similar to the total group and remained significant (P ϭ 0.0241) despite the reduced sample size (Table 4 ). In long-duration probands the association between DRB1*04 and diabetic nephropathy was stronger (P ϭ 0.0009) than in the total group. Moreover, in this stratum, the frequency of *04 heterozygotes and *04/*04 homozygotes was increased in control probands. Using the *Y/*Y genotype as a reference group, the adjusted odds ratio for the *04/*Y genotype was nearly the same as that for the *04/*04 genotype. Note that in the control probands, the frequency of the *Y/*Y genotype decreased significantly (P ϭ 0.0016) between the short-and long-duration strata, as predicted by the simulation models described above (13) . Therefore, the association between DRB1*04 alleles and diabetic nephropathy is most clearly displayed in a comparison of the genotype distribution in short-duration case probands with the long-duration control probands (Table 5) . A1C values in control probands. Cumulative diabetes exposure depends on both the duration of diabetes and the intensity of exposure. The intensity of hyperglycemia is measured by A1C, and its value tends to be consistent in an individual over long periods of time (unpublished data). However, once ESRD or proteinuria has developed, A1C values become profoundly affected by kidney disease and its treatment and no longer reflect past exposure. Thus, this analysis cannot be stratified by intensity of exposure. However, variation in the intensity of exposures by DRB1 genotype in the control probands was examined for possible evidence that would suggest a mechanism of action for the DRB1*04 protective effect. A1C value increased with each additional DRB1*04 allele from 7.2 to 7.3 to 7.7% for individuals with 0, 1, and 2 copies, respectively (P ϭ 0.013).
DISCUSSION
Enrichment of the DRB1*04 alleles in long-duration type 1 diabetes with normoalbuminuria despite long duration of diabetes suggests that these alleles are associated with reduced nephropathy. The mechanisms underlying this Data are n (%). †All DRB1 alleles except *03 and *04. ‡All DRB1 genotypes except *04.
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protective association are unknown. However, involvement of DRB1 is consistent with the known immunological processes in the pathogenesis of diabetic nephropathy. Diabetic nephropathy was considered to be a chronic degenerative disease until Bohle et al. (17) described the of presence of monocytes, macrophages, T-cells, and fibroblasts associated with tubulo-interstitial changes, suggesting an immunological role in diabetic nephropathy. A study of renal biopsies from patients with diabetic nephropathy found increased steady-state mRNA levels of inflammatory genes associated with interstitial fibrosis and progressive nephropathy (18) . Additionally, many studies have shown that changes in hormone levels, vasoactive peptides, cytokine, and growth factors are associated with diabetic nephropathy development and progression. Specifically, rat studies have suggested a functional role for the proinflammatory cytokine tumor necrosis factor (TNF)-␣ in the pathogenesis of diabetic nephropathy (19, 20) . Supporting this finding are intervention studies in patients with either diabetic or membranous nephropathy that found that the nonspecific TNF-␣ inhibitor pentoxifylline reduced both TNF-␣ and urinary proteinura (21, 22) .
While genetic susceptibility factors are important for the development of diabetic nephropathy, the presence of hyperglycemia is required. Since A1C values are not meaningful in nephropathy patients with proteinuria or ESRD, we examined the control probands who have not developed nephropathy despite many years of diabetes. The control probands who are heterozygous and homozygous for DRB1*04 have a higher A1C on average than those with other alleles. While this difference is small, it is consistent with protection against the toxic effects of hyperglycemia.
The major strengths of this study are its size and well-documented participant phenotypes. Power calculations indicated a Ͼ99% ability to detect the observed DRB1*04 effect regardless of the mode of inheritance (6) . Genetic association studies with renal disease carry the possibility of a false-positive finding due to either population stratification or mortality effects. Arguing against population stratification is the consistent pattern of association with DRB1*04 when the data were adjusted for recruitment center, as well as the increased significance when duration of diabetes was taken into account as predicted in simulation studies (13) . Stratification would also not explain the association of A1C with the number of DRB1*04 alleles. Furthermore, there was no significant association seen with nearby HLA genes or the insulin gene. Arguing against mortality effects as the cause of these results, it is important to consider that mortality is higher in patients with ESRD than with proteinuria. The allele and genotype distributions were similar in both of these populations, and the DRB1*04 frequency was similar regardless of ESRD duration. Overall, these data suggest Data are n (%). †Odds ratios adjusted for diabetes duration, age at diagnosis, sex, recruitment site, and smoking status. ‡Adjusted P ϭ 0.0193 (adjusted for diabetes duration, age at diagnosis, sex, recruitment site, and smoking status). §All DRB1 alleles except *04. ʈAdjusted P ϭ 0.0035 (adjusted for diabetes duration, age at diagnosis, sex, recruitment site, and smoking status). ¶Adjusted P ϭ 0.0005 (adjusted for age at diagnosis, sex, recruitment site, and smoking status).
that HLA-DRB1*04 has a protective effect against diabetic nephropathy; however, further investigation of its functional role is needed.
